We experimentally and numerically investigate the optical properties of metamaterial arrays composed of double partially-overlapped metallic nanotriangles fabricated by an angle-resolved nanosphere lithography. We demonstrate that each double-triangle can be viewed as an artificial magnetic element analogous to the conventional metal split-ring-resonator. It is shown that under normal-incidence conditions, individual double-triangle can exhibit a strong local magnetic resonance, but the collective response of the metamaterial arrays is purely electric because magnetic resonances of the two double-triangles in a unit cell having opposite openings are out of phase. For oblique incidences the metamaterial arrays are shown to support a pure magnetic response at the same frequency band. Therefore, switchable electric and magnetic resonances are achieved in double-triangle arrays. Moreover, both the electric and magnetic resonances are shown to allow for a tunability over a large spectral range down to near-infrared. In recent years, metamaterials have attracted great attention as they can be engineered to support unique electromagnetic responses and have fascinating applications, such as artificial magnetism, [1−3] negative refractive index, [4−7] invisible cloaking, [8−9] and strong chirality. [10−11] Since the first construction of a negative refractive index material in the microwave regime, [5] split-ring resonator (SRR) proposed by Pendry et al. [1] has been extensively utilized as the building block to mimic artificial magnetism and its resonant frequencies have been extended from gigahertz to near-infrared optical spectrum regime by scaling down the SRR feature size to tens of nanometer. [2,3,5,12−17] On the other hand, SRRs also exhibit a strong resonant permittivity at the same frequency as the magnetic resonance, [18] generating a complicated electromagnetic behavior. [19] A promising way to suppress magnetic responses is to introduce rotational symmetry into the SRR design. [20−22] These pure electric resonant metamaterial arrays have been demonstrated to play an important role in optical devices, such as terahertz radiation modulators, frequency-agile filters and frequency-tuning memory devices. [23−26] To date, metamaterials targeted for visible or near-infrared optical spectrum regime have mostly been manufactured by electron-beam lithography or focused-ion-beam writing. Although uniform and complicated metamaterial configurations with very fine features can be realized by these methods, nanofabrication techniques have the disadvantage of high cost and relatively long fabrication time, especially when preparing large area samples. As an alternative, parallel nanoshpere lithography has been utilized to fabricate large-area partial gold rings (annular SRRs) and nanoparticle arrays with different motifs. [27−30] In this study, we have experimentally prepared a novel near-infrared metamaterial arrays, using angleresolved parallel nanosphere lithography. [27] The unit cell of these metamaterial arrays consists of two partially overlapping metal triangles with opposite openings. We show experimentally and theoretically that under the condition of normal-incidence of radiation, the individual SRR-like element exhibits local magnetic resonances, but the collective responses of the metamaterials are purely electric, due to the rotational symmetry of the prepared metal double-triangle arrays. For oblique incidences, the present metamaterial arrays are shown to support pure magnetic responses at the same frequency band. Therefore, switchable electric and magnetic resonances [26] can be readily achieved in our prepared metamaterial arrays. Moreover, the nanometer feature size of doubletriangle resonator arms readily achieved in angleresolved nanosphere lithography [27] easily allows for a large tunability of the electric and magnetic spectrum responses over the entire near-infrared range by monitoring metal deposition angles or using template microspheres of different diameters. Figure 1 (a) schematically shows the angle-resolved nanosphere lithography (ARNSL) [27] here developed to prepare the metamaterial arrays under study. In brief, highly ordered 2D colloidal crystals are self-assembled following our reported method.
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[31] Then thin gold layers are deposited onto the 2D colloidal crystal mask on a glass substrate at two oblique angles (metal deposition angle) . After metal deposition, the colloidal mask is peeled off and a highly ordered array of partially overlapped double gold nanotriangles is prepared. It is worth noting that the metal deposition plane (constructed by the metal deposition beam and the normal vector of the 2D colloidal crystal mask) is required to be parallel to the principle axis connecting adjacent sphere centers. Figure 1(b) shows the scanning electron microscope (SEM) image of a typical metamaterial array fabricated by first depositing a 20-nm-thick gold layer through a 1.59-µm-diameter PS colloidal crystal mask onto a glass substrate at a deposition angle = +7.5
∘ and then repeating the deposition with the same thickness at another angle = −7.5
∘ . First, we show that each double-triangle can be viewed as an element analogous to the SRRs in conventional metamaterials. [2, 3, [12] [13] [14] [15] [16] [17] [18] [19] 22, 25] To demonstrate this characteristic, zero-order near-infrared transmission spectra were measured at normal incidence under linear polarizations. The measured results are shown in Figs. 2(a) and 2(b). It is clearly seen that when the incident electric field is set along the bases of the double-triangles (namely -polarization), a resonance centered at a wavelength of = 2.6 µm is observed. While for an orthogonal polarization configuration (the electric field is set perpendicular to the bases of the double-triangles), a different resonance centered at = 2.13 µm is observed.
To investigate the origin of the polarizationdependent transmission resonances of the metamaterial arrays, we also performed numerical evaluations using a commercial software package of finite element method (Comsol Multiphysics). In our calculations, the samples are modeled as follows. The periphery of the gold triangles is deducted based on the angle-dependent rigid projection geometry of the pores in the colloidal crystal mask. The gold triangles are assumed to have a thickness of 20 nm, a value that has been tested in experiments, with a two-fold value in their overlapped regions. To have a better fit with the experimental situations, all the vertexes of the triangles are rounded with a 5-nmradius curvature. The dielectric constant of the glass substrate is assumed to be glass = 2.25 and the permittivity of gold is described by a Drude model
with the plasma frequency = 2.175 × 10 15 Hz and the collision frequency = 6.5 × 10 12 Hz.
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x-polar. The numerically calculated transmission spectra are plotted in Fig. 2(b) . Compared with the measured results shown in Fig. 2(a) , the overall agreement between the experimental and numerical results is quite good. In particular, the experimentally observed resonances are reproduced well in the calculated transmission spectra using the models constructed above. The small discrepancies between experiment and theory most likely arise from the fabrication and measurement tolerances in the experiment. [29] The magnetic field -component ( ) and electric current distributions for those two resonances are further shown in Figs. 2(c) and 2(d) , respectively. Calculations show that under the -polarization configuration, the induced currents at = 2.1 µm resonance are mostly flowing up and down in the Au triangles and thus a node is formed in the current distributions, which indicates the electric feature of this resonance. [33] When the incident light with a wavelength = 2.68 µm is shifted to -polarization, a cir-057302-2 cular current is induced, which gives rise to a magnetic dipole inside each Au double-triangle [ Fig. 2(d) ]. This is because for the case of -polarization light the electric field can couple to the capacitance to excite a magnetic dipole in the SRR. Meanwhile, this resonance could be viewed as a fundamental plasmon mode, since a current loop will not form any nodes. [33] The above features of polarization-dependent resonances unambiguously illustrate that the prepared partially overlapped double-triangles can indeed act as the SRR-like elements in metamaterials.
Actually, as seen from the inset shown in Fig. 1(b) , the elementary translation cell of our samples consists of two pairs of double-triangles with opposite openings. In this regard, this elementary translation cell belongs to the 2ℎ group and has a higher level of symmetry, [20] in comparison with previously reported SRR arrays having 1 group symmetry (Shoenflies notation).
[2,3,5,12−16,27,28] As a consequence, the induced magnetic dipoles are oscillating out of phase in an elementary translation cell, as is seen from Fig. 2(d) . In other words, although individual doubletriangle exhibits a strong local magnetic resonance, the collective responses of the whole arrays are purely electric under normal-incidence. Interestingly, a dramatic difference in the optical response occurs at oblique incidence of irradiation. Figure 3(a) shows the measured transmission spectra at normal and off-normal incidences of irradiation with -polarization for a different sample consisting of smaller Au triangles fabricated by depositing 20-nm-thick gold films twice through a 1.02-µm-diameter colloidal crystal mask at deposition angles = ±7.5 ∘ . Similar to the result in Fig. 2 , this metamaterial array shows an electric response at a shorter wavelength of 1.45 µm for -polarization at normal incidence ( = 0 ∘ ). By tilting the incident light, an extra transmission dip around = 1.87 µm begins to evolve, besides the relatively strong electric dipole resonance.
To reveal the characteristics of this new mode at = 1.87 µm, numerical calculations are preformed and the results are shown in Fig. 3(b) . Compared with the results shown in Fig. 3(a) , good agreement between experiment and theory is again obtained under off-normal incidences. In particular, the growing magnitudes of the resonances around 1.87 µm with increasing incident angle obtained in the numerical calculations follow the same tendency as that observed in the experiment. As a typical example, the magnetic fieldcomponent and electric current distributions at = 1.87 µm under incidence angle = 34 ∘ are calculated, as shown in Fig. 3(c) . It is clearly seen that for this resonant mode, the induced current loops in each double triangle have the same circulating direction. This is quite different from the current distribution for the mode shown in Fig. 2(c) , for which the current loops are anti-circulating in the unit cell. Thus, the 057302-3 collective response of the metamaterial array at = 1.87 µm under off-normal incidence for -polarized light in Fig. 3(a) is purely magnetic. It should be noted that a pure electric resonance at nearly the same wavelength is observed when -polarized light is impinging normally (see the gray curves in Figs. 3(a) and  3(b) ). Combining the above two cases, it is immediately seen that pure magnetic response and pure electric response around the same frequency band can be switched by tilting the incident light and changing the polarization state. Now, we demonstrate that both the fundamental (local magnetic resonance) and second order (electric Mie resonance) modes can be controlled efficiently by monitoring metal deposition angles, using mask spheres with different diameters, or changing the thickness of deposited metal layers. In the present study, the sputtered metal layer thickness is fixed.
As the first example, the metal deposition angle is set to a different value = ±10 ∘ , while the colloidal crystal mask (1.59 µm diameter) is the same as that used for the preparation of the sample in Fig. 2 . The measured transmittance spectra of this sample for both -and -polarizations at normal incidence are shown in Fig. 4(a) . According to the projection geometry, a small increase in deposition angle only causes a tiny shrink in the single triangle size but it results in a large decrease in the overlapped area. From the point of view of the U-shaped SRRs, the effective depth and width of U-shaped resonantors significantly become larger, as the two triangles become less overlapped, while the minimum feature size can be regarded approximately as a constant. Thus, the Mie resonance wavelength is expected to be nearly the same for the double-triangles with different degrees of overlappings, whereas a significant shift in the local magnetic resonance wavelength should be expected. [16] Actually, both the Mie resonance and local magnetic resonance can be tuned correspondingly when the feature size of metamaterial structures is scaled. In the ARNSL, this scaling is readily achieved by using colloidal crystal mask with different sphere diameters. For example, comparing the normal-incident transmission spectra of the first sample ( = 1.59 µm) [ Fig. 2(a) ] with that of the second sample ( = 1.02 µm) [ Fig. 3(a) ], there is a remarkable blue shift of the Mie resonance from 2.25 to 1.45 µm and at the same time the local magnetic resonance is blue-shifted from 3.1 to 1.8 µm. Further decreasing the sphere diameter will allow the metamaterials to be operated at even higher frequencies. Figure 4(b) shows that the Mie resonance and local magnetic resonance wavelengths have already been scaled down to 1.02 and 1.26 µm, respectively. To verify the above observed scaling behavior and provide a visualized reference for future sample design. Figure 5 summarizes the calculated resonant wavelengths as functions of metal deposition angle for three colloidal crystal masks with different sphere diameters ( = 0.4, 1.0 and 1.6 µm). It is seen that both varying and can lead to a relative large shift in the local magnetic resonance.
In conclusion, we have experimentally and theoretically investigated optical properties in metamaterials consisting of double partially overlapped metal nanotriangle arrays prepared by using angle-resolved nanosphere lithography. Although such individual SRR-like element exhibits local magnetic resonance, the collective response of the whole structure under normal incidence of light is pure electric. In contrast, these double-triangle arrays turn out to support pure magnetic response around the same frequency band when -polarized light is impinging at an oblique incidence. The low-cost parallel fabrication approach, switchable electric and magnetic resonances and large tunability of these resonances show the attractiveness of such double-triangle arrays in constructing functional metamaterials.
